The trans-synaptic induction of tyrosine hydroxylase [tyrosine 3-monooxygenase; EC 1.14. were studied in more detail.
tyrosine, tetrahydropteridine: oxygen oxidoreductase (3- hydroxylating)] in adrenal medulla and sympathetic ganglia by short-term (1-2 hr) cold stress (40) exhibits a circadian rhythm which seems to be causally related to the diurnal changes in adrenal glucocorticoid synthesis. In the adrenal medulla the initiation of tyrosine hydroxylase induction is maximal during the morning hours, when plasma corticoid concentrations (reflecting corticoid synthesis in the adrenal cortex) are minimal. In contrast, initiation of tyrosine hydroxylase induction in sympathetic ganglia is only possible in the afternoon. These observations suggest that tyrosine hydroxylase inducibility in the adrenal medulla is optimal during periods of low corticoid synthesis (the adrenal medulla is exposed to excessively high corticoid concentrations directly originating from the adjacent cortex), whereas in sympathetic ganglia an induction is only possible during the period of high plasma corticoid concentrations. This assumption is supported by the observation that in the first postnatal weeks, when the pituitary-adrenocortical system is not yet operating and plasma corticoid concentrations are low, initiation of tyrosine hydroxylase induction in the adrenal medulla is possible at any time of the day, whereas in sympathetic ganglia it is not possible at all. However, after administration of glucocorticoids initiation of tyrosine hydroxylase induction by short-term cold stress is also possible in newborn animals and in adults during the morning hours. The importance of glucocorticoids as modulators for the initiation of trans-synaptic tyrosine hydroxylase induction can also be deduced from the observation that in sympathetic ganglia kept in organ cultures an induction of the hydroxylase by cholinomimetics is only possible when glucocorticoids are added to the culture medium.
It has been shown under various experimental conditions that a prolonged increase in preganglionic neuron activity leads to a selective induction of tyrosine hydroxylase (TH) [tyrosine 3- stress was not always consistent and after preliminary experiments had provided evidence for a possible dependence upon the time of day of cold exposure and a relationship to the diurnal changes in adrenal corticoid synthesis these aspects were studied in more detail.
We wish to report that in adult rats the induction of TH by short-term (1-2 hr) cold stress is subjected to a circadian rhythm both in the adrenal medulla and in the sympathetic ganglia. A causal relationship between the circadian rhythm of TH induction by cold stress and the circadian rhythm of adrenal glucocorticoid synthesis can be deduced from the observation that administration of glucocorticoids to adult animals abolished the circadian rhythm of TH inducibility and that during the postnatal development the circadian rhythm of TH inducibility coincided with the occurrence of the circadian rhythm of plasma corticoids (8) .
MATERIALS AND METHODS
.Male Sprague-Dawley rats (supplied by the Siiddeutsche Versuchstierfarm, Tuttlingen, Germany) weighing 60-70 g were adapted to constant laboratory conditions (temperature kept at 24 i 10 in fully climatized rooms with a 12 hr lightdark cycle changed at 7 a.m. and 7 p.m. respectively) for at least 14 days. They had free access to tap water and food pellets (Nafag AG, Zurzach, Switzerland). After this period of equilibration groups of animals were exposed to a temperature of 40 for 2 hr. Different groups were exposed to the cold starting at 4 hr intervals around the clock and were killed by a blow on the head 48 hr later. Adrenals and superior cervical ganglia were rapidly removed and homogenized in ice-cold 5 mM Tris HCl buffer, pH 7.4, containing 0.1%o Triton X-100. One pair of adrenals was homogenized in 4 ml, one pair of ganglia in 0.5 ml.
Neonatal rats were housed in litters of 8 to 10 together with their parents until 25 days of age. Young rats were exposed to 40 for 45-60 min; at the end of the cold exposure the animals were allowed to recover under a heating lamp. They were killed by exposure to ether vapor 48 hr after the beginning of the stress procedure. One pair of adrenals was homogenized in 2 ml of 5 mMil Tris HCl buffer, pH 7.4, containing 0.1% Triton X-100, one pair of superior cervical ganglia in 0.5 ml. The homogenates were centrifuged at 10,000 X g for 20 nin and the supernatant fraction was used for determination of TH activity according to the method of Levitt et al. (9) ganglia. Interestingly, there was a clear-cut correlation between the time of day of cold exposure and subsequent TH induction (Fig. 1 ). In the adrenal medulla maximal induction occurred after short-term cold stress between 4 a.m. and noon. Between 4 p.m. and 12 p.m. the induction was much smaller and did not even reach statistically significant levels (P > 0.05). In contrast, the maximal response in the superior cervical ganglia was elicited by cold exposure between noon and 8 p.m. At the time of maximal TH inducibility in the adrenal medulla the response of the superior cervical ganglion was small and did not even reach statistically significant (P > 0,05) levels. As illustrated in Fig. 1 the circadian rhythm of plasma corticoids virtually parallels the inducibility of TH in the superior cervical ganglia, i.e., both plasma corticoid levels and TH inducibility are maximal in the afternoon and minimal in the morning.
Effect of glucocorticoids on the circadian rhythm of TH inducibility by cold stress in adult animals Pretreatment of adult rats with dexamethasone abolished the circadian rhythm of TH inducibility in superior cervical ganglia. The data presented in Table 1 show that administration of dexamethasone 2 hr prior to cold exposure permitted TH induction even in the early morning, when normally an induction by cold stress could not be initiated. In the adrenal medulla dexamethasone pretreatment slightly reduced but did not abolish the neuronally mediated TH induction by cold exposure.
Corticosterone, the major physiological glucocorticoid of the rat adrenal cortex (14) exerted similar effects but preference was given to the use of dexamethasone on account of its good water solubility.
Ontogenetic development of the circadian rhythm of TH inducibility by cold stress in adrenal medulla and superior cervical ganglia
In the early (up to third week) postnatal period cold exposure of rats for 45 min to 1 hr was sufficient to trigger TH induction in the adrenal medulla. A significant increase in TH activity could be elicited as early as 3 days after birth (Fig. 2) . In the first two postnatal weeks TH induction in the adrenal medulla could be elicited to an identical extent in the morning and in the afternoon (Table 2 ). However, between day 16 and 19 the circadian rhythm began to appear and TH induction could be initiated only by cold exposure in the morning (Table  2) . Together with the appearance of the circadian rhythm of TH inducibility in the adrenal medulla, the inducibility of TH in the superior cervical ganglia began to become detectable (Table 2) . Before this time TH induction in the superior cervical could not be initiated by cold exposure either in the (8) .
Effect of dexamethasone on TH Induction by cold exposure of 9-day-old rats In order to obtain information on the role of glucocorticoids in the development of the circadian rhythm of TH induction by cold stress, 9-day-old rats were injected with 1 mg/kg of dexamethasone 24 hr prior to cold exposure. As shown in Table 3 , pretreatment with dexamethasone alone produced a slight but statistically non significant (P > 0.05) increase in TH activity in the superior cervical ganglion. However, pretreatment with dexamethasone plus cold exposure produced a marked (+34%, P < 0.05) increase in TH activity in the superior cervical ganglion. The inducibility of TH in the adrenal medulla remained unchanged. DISCUSSION
In previous experiments it has been shown that TH induction in the rat adrenal medulla by 6-hydroxydopamine administration (15) or restraint stress (16) is still possible after hypophy-sectomy, whereas transection of the splanchnic fibers supplying the adrenals completely abolishes the increase in TH activity. These observations clearly show that intact preganglionic cholinergic fibers are a prerequisite for this mechanism of enzyme induction. However, they do not rule out a modulatory role of adrenocortical hormones in trans-synaptic enzyme induction. Indeed, recent investigations have suggested a possible role of glucocorticoids in the regulation of the synthesis of TH and dopamine 3-hydroxylase in sympathetic ganglia (6, 17, 18) . The present experiments have provided more direct evidence for a role of glucocorticoids as important modulators in trans-synaptic enzyme induction both in the adrenal medulla and in the sympathetic ganglia. There seems to be a causal relationship between the diurnal rhythm of plasma corticoids-which reflects the synthesis of glucocorticoids in the adrenal cortex-and the diurnal rhythm of TH inducibility by short-term cold stress in the adrenal medulla and sympathetic ganglia.
In adult animals the inducibility of TH in the adrenal medulla is maximal during the morning hours when the corticoid synthesis in the adrenal cortex is lowest, whereas the optimal time for initiation of TH induction in sympathetic ganglia is the afternoon, the time of highest plasma corticoid levels. If one assumes a causal relationship between the production of adrenal corticoids and TH induction, one has to assume that in the adrenal medulla optimal corticoid concentrations are present during the time of lowest production, whereas the highest concentrations produce an inhibitory effect. It has to be taken into account that the corticoid concentrations in the adrenal medulla are particularly high, since the adrenal corticoids are released into blood vessels that irrigate the medulla directly from the cortex. The possibility that high glucocorticoid concentrations might interfere with TH induction in the adrenal medulla is supported by recent observations that high concentrations of corticosterone or dexamethasone interfere with TH induction in its initial stage (R. Goodman, U. Otten, and H. Thoenen, manuscript submitted).
If adrenal medullae are brought into organ culture 2 hr after injection of rats with reserpine the time course of TH induction is virtually the same as in vivo. If high concentrations of corticosterone are added to the culture medium within the first 2 hr after initiation of the organ culture the progress of TH induction can be completely abolished. If the corticoids are added 2 hr later there is still a marked reduction in the increase in TH during the following 2 days, whereas addition of corticoids 4 hr later is without effect.
That high concentrations of glucocorticoids in the adrenal medulla have an inhibitory effect is also supported by the ontogenetic development of the circadian rhythm of TH induction by short-term cold stress. In the first postnatal weeks, when the pituitary-adrenocortical axis is not yet functioning (8) and the synthesis of adrenal corticoids takes place at a low rate, TH inducibility by cold stress is possible both in the morning and in the afternoon.
Since cold stress produces a relatively rapid increase in the synthesis of glucocorticoids (19) , one has to assume that for a modulatory action both in the adrenal medulla and in the sympathetic ganglia the glucocorticoid levels prior to cold stress are essential as representing a conditioning factor for the following neuronally mediated induction.
Administration of doses of dexamethasone that are sufficient to make TH induction possible by short-term cold stress in newborn animals and adults during the morning hours has no or only a slight influence on the TH inducibility in the adrenal medulla. This can be explained by the fact that concentrations of corticoids reaching the adrenal medulla after systemic administration are relatively small if compared with the concentrations of endogenous corticoids reaching the adrenal medulla directly from the adrenocortical cells.
In contrast to the adrenal medulla, optimal conditions for neuronally mediated TH induction in the superior cervical ganglia are present during highest plasma corticoid concentrations. This can be deduced from the observation that in adult animals administration of dexamethasone or corticosterone in the morning creates experimental conditions that allow TH induction by short-term cold stress. Under physiological conditions TH induction by short-term cold stress is possible only in the afternoon, at the time of the highest plasma corticoid levels. This interpretation is further supported by the development of cold stress inducibility of TH during the postnatal life. During the time of nonfunctioning pituitaryadrenocortical axis (8, 20) an induction of TH by cold stress is possible neither in the morning nor in the afternoon. The fact that administration of dexamethasone prior to cold stress makes it possible to induce TH in superior cervical ganglia by short-term cold stress in 9-day-old animals shows that the lack of inducibility at this time under normal conditions is not a question of maturation of either preganglionic cholinergic or terminal adrenergic neurons, but results from the not yet established function of the pituitary-adrenocortical axis. At this stage of development the plasma corticoid concentrations never reach sufficient levels (8) to permit trans-synaptic TH induction by short-term cold stress.
The fact that TH induction in sympathetic ganglia by shortterm cold stress is possible only in the late afternoon may explain why other authors have not been able to produce TH induction in sympathetic ganglia by cold exposure shorter than 24 hr (6) . However, it is also possible that this failure of TH induction by short-term cold stress is due to differences in the production of adrenal corticoids in the rats used by the two research groups. This assumption is supported by the observation that in the same animals in which TH induction in sympathetic ganglia by cold stress shorter than 24 hr was not possible (6) , TH induction in the adrenal medulla was considerably higher (5) than in our experiments. This could be explained by the assumption that glucocorticoid production in our animals is generally higher, favoring the inducibility of TH in the sympathetic ganglia, whereas in the animals used by Costa and collaborators (5, 6) the (lower) corticoid production would favor TH induction in the adrenal medulla. 
